A fast, simple, cost-effective and robust chromatographic method was developed and validated for determination of the antihypertensive drug lisinopril dihydrate in tablets under routine operational conditions, without ion-pair reagents, high column temperatures and an acidic mobile phase. Taking into consideration all four different pK a values of lisinopril, the separation was optimized using the C18 column (end-capped, 150 mm × 4.6 mm 5 µm) and a mobile phase composed of methanol and ammonium (or potassium) dihydrogen phosphate buffer (pH 7.2) with a flow rate of 1.1 ml/min, UV detection at 214 nm and a temperature of 40 °C. These optimized conditions led to the production of a single and symmetrical peak for lisinopril. This mobile phase is suitable for different HPLC columns, which makes it appropriate for industrial quality control laboratories. The developed method was validated, showing excellent validation results and the possibility to be implemented for the determination of lisinopril in combined dosage forms with other active substances.
INTRODUCTION
Lisinopril dihydrate (Fig. 1 ) is a member of the group of antihypertensive drugs from the ACE (angiotensin converting enzyme) inhibitors class, defined in the European pharmacopoeia [1] hexanoyl]pyrrolidine-2-carboxylic acid. It was the third ACE inhibitor (after captopril and enalapril) that was introduced into therapy in the early 1990s [2] . Despite this, lisinopril is still one of the most commonly prescribed and used ACE inhibitors, being among the first three best buy ACEIs for high blood pressure treatment, and it is a best buy drug for most people who need an ACEI after a heart attack, taking the cost and convenience into account [3] . Among the analytical methods for the determination of lisinopril, HPLC methods are the usual methods of choice [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Besides HPLC, some UV-spectrophotometric and spectrofluorometric methods, without [16] or with the derivatization of lisinopril [7, [17] [18] [19] [20] [21] [22] [23] or using derivative spectrophotometry [24, 25] , can also be applied, but these methods are very restrictive and not preferred in pharmaceutical analysis. Lisinopril dihydrate has UV absorbance maximum in the low UV region at wavelengths of about 210-220 nm, which complicates its UV spectral analysis because of the interferences of other components present in pharmaceutical formulations. The presence of the proline moiety complicates the HPLC determination of lisinopril dihydrate, causing peak splitting or extensive peak tailing, which is often solved by using alkyl-sulfonate ion-pair reagents (most frequently hexanesulfonate, and rarely heptansulfonate or octansulfonate). The use of ion-pair reagents in HPLC methods for lisinopril determination is almost always accompanied by high column temperatures and low pH values of mobile phases, which are the three well known RP bonded phase column destroyers. Even in the three Pharmacopoeias, EP [1] , BP [4] and USP [5] , quantification methods for lisinopril prescribe the use of hexanesulfonate and phosphate buffer (pH 2.0) in the mobile phase and a column temperature of 50 °C, to avoid lisinopril peak splitting and tailing. Very low pH and high temperatures are not recommended by the majority of column vendors. Moreover, the use of ion-pair reagents permanently changes the column characteristics and reserves its use only for ion pair employing separations.
There are diverse published HPLC methods that make use of the above-mentioned critical parameters: mobile phases in a wide pH region, from 2 to 7.5, with or without the use of ion-pair reagents and column temperatures from ambient up to 60 °C. Rao and Rani [10] used a Kromasil C18, 250 mm × 4.6 mm column at 50 °C with UV detection at 210 nm, a mobile phase composed of acetonitrile and phosphate buffer without precisely defined pH value (4:96, v/v), with a flow rate of 1 ml/min, and obtained a symmetrical peak with a retention time of 9.217 minutes; Adam et al. [12] developed and validated a method using a Waters Spherisorb C18 column, 250 mm × 4.6 mm, with 5 µm particles, signal monitoring at 210 nm, a mobile phase composed of tetrabutyl ammonium hydroxide solution (pH 6.5; 0.03 M) and acetonitrile (4:1, v/v), a flow rate of 1.0 ml/min, and the separation was completed within 3.49 minutes; Raju and Rao [13] proposed a method using a C8 XTerra 150 mm × 4.6 mm column with 3.5 µm particles, UV detection at 215 nm with a mobile phase consisting of potassium dihydrogen phosphate buffer (0.7 %, w/v) with triethylamine (0.2 %, w/v) (pH 3.0) and methanol (35:65, v/v), which led to an early eluting time for lisinopril of 2.3 minutes, with a flow rate of 0.8 ml/min; Chander et al. [14] published a method for lisinopril determination with use of Nucleosil 125 mm × 4 mm column with 5 µm particles as the stationary phase and a mobile phase consisting of buffer solution, isopropyl alcohol and triethylamine (95:5:0.1, v/v/v) at a flow rate of 1.0 ml/min, column temperature of 50 °C and detection at 215 nm, with a run time of 7 min; and Maslarska and Tencheva [15] used a Lichrospher C18, 250 mm × 4 mm column with 10 µm particles, a mobile phase composed of acetonitrile and phosphate buffer (pH 2.0) at 35 °C and UV detection at 215 nm.
After a review of the methods developed for the determination of lisinopril using reversed phase columns, the aim of this study was to develop and validate an appropriate HPLC method that enables the efficient separation of lisinopril and will avoid the use of any of the above-mentioned conditions that are considered harmful for HPLC columns.
EXPERIMENTAL

Chemicals and reagents
All of the chemicals used were EP grade. Methanol, acetonitrile, and ammonium dihydrogen phosphate (NH 4 H 2 PO 4 ) were purchased from Carlo Erba, France, 25 % ammonium hydroxide solution and 85 % o-phosphoric acid were purchased from Sigma-Aldrich, USA, potassium dihydrogen phosphate (KH 2 PO 4 ) and 37 % hydrochloric acid were purchased from Merck, Darmstadt, Germany, 30 % hydrogen peroxide was purchased from Alkaloid, Macedonia, and sodium hydroxide was purchased from Riedel-de Haën, Germany. The demineralized water with conductivity less than 1 µS was produced by a Stilman apparatus.
The standard substance of lisinopril (with potency of 100.09 % and water content of 8.65 %, standardized versus reference standard) and Lisinopril tablets were obtained from Replek Farm Ltd., Skopje, Macedonia.
Preparation of solutions
Samples and standards for dissolution testing of Lisinopril tablets were prepared in 0.1 M hydrochloric acid, to a final, working concentration of 0.01 mg lisinopril/ml.
Samples and standards for assay and the uniformity of dosage unit testing of Lisinopril tablets were prepared in diluent composed of water and methanol (75:25, v/v), in a final working concentration of 0.1 mg lisinopril/ml.
Placebo solutions, in both cases, were suitably prepared from the excipients present in the tablet formulation.
Equipment
Instruments
Samples were weighed using OHAUS Pioneer TM balance with an accuracy of 0.1 mg. For pH adjustment of the mobile phase buffer, a HANNA Instruments HI113 pH meter was used.
Four HPLC systems were used. Three were used for method development and the optimization of experimental parameters, while the fourth was used for method validation of the finally defined method: 
Analytical columns
The following HPLC columns were tested: Purospher C18e STAR 125 mm × 4 mm, 5 µm particles, Lichrospher 100 C18e 125 mm × 4 mm, 5 µm particles and Purospher C18e STAR 150 mm × 4.6 mm, 5 µm particles, all used with 4 mm × 4 mm C18e pre-column and product of Merck, Darmstadt, Germany; Discovery C18 100 mm × 4.6 mm, 5 µm particle size (Supelco, Bellefonte, USA); Nucleosil C18 250 mm × 4.6 mm, 10 µm particles (Macherey-Nagel, Germany); RP Select B 75 mm × 4 mm, 5 µm particle size and Purospher C8 55 mm × 4 mm, 5 µm particle size (Merck, Darmstadt, Germany).
RESULTS AND DISCUSSION
Method development and optimization
The method development started with the selection of the most appropriate buffer to be used as a mobile phase constituent. For this purpose, the four different pK a values for lisinopril were considered: pK a1 = 2.5, pK a2 = 4.0, pK a3 = 6.7 and pK a4 = 10.1 [26] . Chromatographic theory suggests avoiding the pH of mobile phases in the proximity of the pK a values of analytes, if possible up to at least ±1 pH unit [27] . The widest interval is between pK a3 and pK a4 , which seemed a good option, and this pH range was also the least investigated and used for this purpose. The concept was to test alkaline mobile phases with a pH value no higher than 7.5, which is below the upper recommended limit for extended chromatographic column life and to use, for the majority of standards, nominal bonded phase C18 and C8 matrices, in order to achieve the applicability of the method for as much variety of HPLC columns as possible.
Two buffer solutions were tested with the same pH value of 7.2: 20 mM potassium dihydrogen phosphate and 20 mM ammonium dihydrogen phosphate buffer solution, adjusted to pH 7.2 with sodium hydroxide and ammonium hydroxide, respectively. The increase in the pH value of mixtures of buffers with methanol of about 0.15 pH units for every 10 % methanol present in the mixture [28] was taken into consideration. The use of the much more soluble ammonium dihydrogen phosphate was preferred in combination with the more miscible methanol, compared to acetonitrile, especially in buffers with pH higher than 6, when the solubility of binary mobile phase exponentially decreases.
The other limiting factor that had to be kept in mind was the low wavelength (~215 nm) at which lisinopril shows maximum absorbance, which restricts the use of mobile phase components with high UV cut-off values, such as inorganic buffers or organic modifiers and tailing correcting additives that absorb at low wavelengths. Therefore, the use of buffering components like acetate, citrate and formate as well as tetrahydrofuran and triethylamine as tailing correctors should have been avoided. So, the conclusion was to use a stable, UV transparent buffer such as a phosphate buffer combined with methanol.
As a result, the goal was to obtain a symmetrical chromatographic peak of lisinopril, using a mobile phase with pH 7-7.5 without using ion pair reagents and column heating, even though previous studies [29, 30] demonstrated that these factors cause isomerization, i.e. rotamerization of lisinopril leading to splitting and/or tailing of the obtained chromatographic peak.
Since the choice of an appropriate RP column is very important, the high purity, base deactivated and end-capped silica based matrices gave better results (Fig. 2, Tab. 1) . That is why, from all of the tested columns, Purospher STAR RP18e 150 mm × 4.6 mm, 5 µm, the column that gave a chromatographic peak with best symmetry, was finally chosen to be used for method validation. Nevertheless, the method was shown to be equally applicable with C18 and C8 bonded reversed phase columns ( Table 1 ). The choice of C18 as the preferred column was also based on the well documented stability of longer alkyl-chains attached to silica matrices in alkaline mobile phases and longer analyte retention which increases the column capacity. Finally, the proposed method uses Purospher STAR RP18e 150 mm × 4.6 mm, 5 µm HPLC column, thermostated at 40 °C, with a mobile phase composed of ammonium dihydrogen phosphate buffer (pH 7.2; 20 mM) and methanol (60:40, v/v), with a flow rate of 1.1 ml/min, signal monitoring at 214 nm and an injection volume 20 µl. These HPLC conditions can be used for dissolution, assay and uniformity of dosage unit testing for various strengths of Lisinopril tablets.
The retention factor (k') of the peak of lisinopril using this HPLC column and conditions is ~0.75. Although it is lower than 1, it yields satisfying results in respect to all validation parameters and allows shorter analysis times.
This method was completely validated according to the ICH guidelines for the validation of analytical procedures Q2 (R1) [31] .
Method validation
Selectivity
In order to demonstrate the selectivity of the developed method, chromatograms of placebo, standard and test solutions, prepared suitably as for dissolution and assay testing of lisinopril, were analyzed. No interference was detected between the solvent or placebo components with the chromatographic peak originating from the active substance, lisinopril, with a retention time of 3.0 minutes (Fig. 3) . Furthermore, forced degradation studies were performed under the following conditions: tablet powder treated for 24 hours with 0.1 M NaOH (base hydrolysis), 0.1 M HCl (acid hydrolysis) and 3% v/v H 2 O 2 (oxidation). After 24 hours, all of the prepared samples were neutralized and diluted to a final concentration of 0.1 mg lisinopril/ml. These solutions were then analyzed with the developed HPLC method. There were no interferences detected between the degradation products of lisinopril obtained during the performed forced degradation study, and the active substance itself. Only oxidative degradation yielded a few degradation products during this time. All of the detected peaks from the degradation products are well separated from the lisinopril peak (Fig. 4) . PDA analysis of the lisinopril peak showed that the peak is pure in all three cases and that the proposed method is selective for lisinopril determination. Peak purity factor calculated by ChemStation software of Agilent HPLC for the peak of lisinopril, in all three performed degradation studies, is greater than 999.96. 
Accuracy
The accuracy of the method was examined using 9 determinations over three concentration levels in the interval between 50 % and 150 % of the working concentration for dissolution and assay and uniformity of dosage units testing of Lisinopril tablets, i.e. between 0.005 mg/ml and 0.015 mg/ml for dissolution testing and 0.05 mg/ml and 0.15 mg/ml for assay and uniformity of dosage unit testing. The analytical procedure was applied to synthetic mixtures of the drug product components with known added amounts of the active substance, corresponding to these concentration levels. Obtained recovery in both cases was between 98 % and 102 %, the RSD of the obtained results was lower than 1 % and the correlation coefficient (R) and the slope were almost ideal (~1.0) (Tab. 2).
Precision
The precision of the method was tested from the aspects of system repeatability, method repeatability and intermediate precision. System repeatability was tested by performing 6 replicate injections of the standard solutions for dissolution and assay and the uniformity of dosage unit testing of Lisinopril tablets. RSD values of the obtained peak areas were lower than 1 % in both cases (RSD = 0.33 for the dissolution testing method and RSD = 0.17 for the assay and uniformity of dosage unit testing method). Method repeatability was demonstrated by preparing 6 individual test solutions, from the same homogenous sample. The RSD value from the obtained % of dissolved or present active substance was calculated and was lower than 2% in both cases (RSD = 0.36 for the dissolution testing method and RSD = 1.11 for the assay and uniformity of dosage units testing method).
T a b l e 2
Accuracy of the method for dissolution and assay/uniformity of dosage unit testing of Lisinopril tablets
The intermediate precision of the method for determination of the quantity of lisinopril/tablet was also proven, since the RSD value of the percent obtained of 12 test solutions prepared on two different days (6 test solutions in the first day, for method repeatability testing, and another 6 test solutions prepared in the second day, from the same homogenous sample) was found to be 1.1 %.
Linearity and range
Linearity of the method for dissolution testing was proven for five concentration levels in the range between 40 % (corresponding to c ~ 0.004 mg/ml) and 150 % (corresponding to c ~ 0.015 mg/ml) from the working concentration. All concentration levels were prepared with suitable dilutions of the standard solution prepared with concentrations of 0.02 mg/ml which is two times higher than the working concentration, 0.01 mg/ml. RSD of the obtained response factors was much lower than 2% (0.29%), the linearity regression equation was y = 37.71x -1.31 and the correlation coefficient obtained was ideal, R 2 = 1.0000. Linearity of the method for assay and uniformity of dosage units testing was also checked and confirmed in five concentration levels in the range between 50 % (corresponding to c ~ 0.05 mg/ml) and 150 % (corresponding to c ~ 0.15 mg/ml) from the working concentration. All concentration levels were prepared with suitable dilutions of the standard solution prepared with a concentration of 0.2 mg/ml, which is two times higher than the working concentration, 0.1 mg/ml. The RSD of the obtained response factors was much lower than 2 % (0.10 %), linearity regression equation was y = 37.87x -1.10 and the correlation coefficient obtained was ideal in this case as well, R 2 = 1.0000.
Stability of the standard solutions
It was confirmed that the standard solutions are stable and can be used for up to 24 hours after preparation. The difference between peak areas of the standard solution for dissolution testing of Lisinopril tablets immediately after preparation and after 24 hours is less than 2 % (0.84 % exactly). The difference between peak areas of the standard solution for assay and uniformity of dosage units testing of Lisinopril tablets, immediately after preparation and after 24 hours, is also less than 2 % (0.95 % exactly).
Filter study
A filter study was also conducted in order to determine whether the type of filter used would have an impact on the final result. The test solution for assay and uniformity of dosage unit testing, before filling in a vial, was filtered through a 0.45 µm Nylon filter and through a 0.45 µm RC (Regenerated cellulose) filter. The difference between the obtained assay results was minor, 0.56%, which implies that both types of filters can be used during sample preparation without affecting the results.
Robustness
The reliability of the analysis with respect to slight variations in method parameters was checked and proven. Robustness testing of the developed HPLC method for the quantification of lisinopril was conducted, by making deliberate changes in the following three HPLC variables: temperature of the column oven (± 5 °C), mobile phase flow rate (± 0.2 ml/min) and percentage of methanol in the mobile phase (± 5 %). The impact of these changes on the peak area of lisinopril, retention time, peak symmetry and number of theoretical plates, as system suitability parameters, was examined.
By varying the column temperature by ± 5 °C it was concluded that it does not significantly change the system suitability parameters. As expected, the number of theoretical plates increased while retention time decreased with the increased temperature, whereas peak symmetry was best with the prescribed column temperature of 40 °C (Tab. 3).
Mobile phase flow rate variations of ± 0.2 ml/min also did not cause any significant changes in the system suitability parameters. The number of theoretical plates and retention times slightly decreased with increasing flow rate, while peak symmetry was best with the prescribed flow rate of 1.1 ml/min (Tab. 3).
By making changes in the methanol content in the mobile phase composition of ± 5 % (absolute) from the prescribed content of 40 % (v/v), it was concluded that with a higher content of methanol, the elution of lisinopril is faster, as expected, but the highest number of theoretical plates and best symmetry factor were obtained using an eluent containing 40 % methanol, as proposed (Tab. 3).
Taking into consideration all of the above presented results from the robustness testing and the fact that many columns with different properties were successfully tested during method development, it can be concluded that the developed method is robust and the measurements and results from the analysis are not susceptible to inaccuracy in cases of intentional or accidental small variations in HPLC conditions. 
T a b l e 3
CONCLUSION
The developed HPLC method for the determination of lisinopril can be used for dissolution, assay and uniformity of dosage unit testing of Lisinopril tablets. Its main advantage when compared to other methods developed for this purpose, especially with the pharmacopoeia methods, is in its satisfactory selectivity and peak shape and symmetry obtained without using ion pair reagents, high column temperatures and mobile phases with low pH values, factors that can shorten the column life cycle or restrict their use. Of great importance is also the fact that it demonstrates that with careful choice and optimization of HPLC conditions, lisinopril peak splitting can be avoided when using a mobile phase with a high pH value. Finally, it is fast, simple, cost-effective, selective, precise, accurate and robust, and can be used for the routine analysis of Lisinopril tablets in quality control laboratories.
